Parks SK, Tresguerres M, Goss GG. Cellular mechanisms of Cl Ϫ transport in trout gill mitochondrion-rich cells. We have studied Cl Ϫ transport mechanisms in freshwater rainbow trout gill mitochondrion-rich (MR) cells using intracellular pH (pH i) imaging. Scanning electron microscopy demonstrated maintenance of cellular polarity in isolated MR cells. MR cell subtypes were identified by Na ϩ introduction to the bath, and Cl Ϫ transport mechanisms were subsequently examined. Cl Ϫ -free exposure resulted in an alkalinization of pHi in both MR cell subtypes, which was dependent on HCO 3
FRESHWATER FISH CONTINUALLY face an ionic stress due to large volumes of dilute water that pass over their gill epithelium. This is compounded by an acid-base disturbance as the mechanisms of ion and acid-base transport are linked at the gill. The fish maintains homeostasis by active transport at specialized mitochondrion-rich (MR) cells on the gill surface. Consequently, the freshwater gill has been an important model system in understanding the transport mechanisms that enable overcoming of unfavorable ion gradients. In the past decade, numerous studies have utilized a variety of techniques to try and elucidate the mechanisms of ion and acid-base transport in freshwater fishes (2, 4 -8, 13-15, 17, 18, 23-25, 33, 35, 36, 38, 44, 49, 51) , which we have reviewed recently (34, 49) . However, both general traits and specific details about the cellular and molecular mechanisms remain largely unknown.
Two distinct subpopulations of MR cells have been characterized at the trout gill based on their ability to bind peanut lectin agglutinin (PNA) and termed PNA Ϫ and PNA ϩ MR cells (6, 8, 44) . PNA ϩ cells were proposed to carry Cl Ϫ /HCO 3 Ϫ exchange (6) , and PNA Ϫ cells have been implicated with Na ϩ uptake and H ϩ secretion (33, 44) . However, a recent study has suggested that the division of functions between trout MR cell subtypes may not be that clear cut (17) . In addition, a detailed immuncytochemical study on Mozambique tilapia has proposed that as many as four MR cell subtypes may exist at the gill (13) , and it suggested that apical Na ϩ /Cl Ϫ cotransporters may constitute a previously unappreciated way of ion uptake in freshwater fish (13) . In most freshwater fish examined, the bulk of apical chloride uptake supposedly occurs via a Cl Ϫ /HCO 3 Ϫ exchanger (CBE) (11, 20, 21, 26) , which has been demonstrated to be SITS and DIDS sensitive in whole animal experiments (2, 37) . On the basis of immunoreactivity in the Atlantic stingray gill, the CBE seems to be a member of the SLC26 family (40) , but direct evidence is lacking for the teleost gill.
At the basolateral membrane, part of the Na ϩ exits to the blood via the Na ϩ /K ϩ -ATPase (for a review, see Ref. 5 ). Using intracellular pH (pH i ) imaging in isolated gill cells, we (33) have experimentally determined that a basolateral electrogenic Na ϩ /HCO 3 Ϫ cotransporter (NBC) is also involved in transepithelial Na ϩ transport. However, basolateral Cl Ϫ transport in the MR cells from freshwater fish has received much less attention. The prevailing hypothesis is that Cl Ϫ moves through basolateral channels driven by the blood-positive electrochemical potential. Support for this model is found in immunostaining at the basolateral membrane of MR and pavement cells in the opercular epithelium of freshwater killifish (27) . In addition, a current consistent with a maxi-Cl Ϫ channel was described in cultured gill cells of rainbow trout and postulated to transport Cl Ϫ across the basolateral membrane (31) . Finally, expression of a CLC-3-like protein (a member of the CLC chloride channel family) has been shown to be greater in the gills of freshwater-acclimated pufferfish compared with seawater-acclimated animals (47) . The CLC-3-like protein was proposed to be located at the basolateral membrane and involved in transepithelial Cl Ϫ uptake, while a CBE on the basolateral membrane would be involved in intracellular acidbase regulation (47, 48) .
The goal of this study was to examine potentials routes for Cl Ϫ movement in isolated freshwater trout gill MR cells. We have monitored their intracellular pH (pH i ) behavior in real time in response to Cl Ϫ substitution and present evidence directly demonstrating the presence of a Cl Ϫ /HCO 3 Ϫ exchangers in two functionally distinct MR cell subtypes. We have also found a peculiar acidification event following Cl Ϫ removal, which we attribute to a Cl Ϫ -dependent Na ϩ /H ϩ exchanger mechanism. These results are discussed in the context of an overall mechanism for transepithelial Cl Ϫ uptake at the freshwater fish gill along with regulation of pH.
MATERIALS AND METHODS
Experimental animals. Animals used in this study were reared in the same way described previously (33) . Briefly, adult rainbow trout (Oncorhyncus mykiss) were maintained in flow through 450-liter fiberglass tanks filled with continuously aerated and dechlorinated city of Edmonton tap water [hardness of 1.6 mmol/l as CaCO 3, total alkalinity of 120 mg/l, pH 8.2 (ϳ0.5 mmol/l NaCl)]. Water temperature in the tanks was maintained permanently at 15°C, and the photoperiod mimicked the natural pattern found in Edmonton, Alberta, Canada. Fish were fed once per day with dry commercial trout pellets. Use of these animals followed Canadian Council on Animal Care and approved Biological Sciences Animal Care Committee protocol #215507.
Isolation of MR cells. Isolation of MR cells from the trout gill followed the detailed procedure described previously (33) . Briefly, blood was cleared from the gills by perfusion of 1ϫ PBS (in mM: 137 NaCl, 2.7 KCl, 4.3 Na 2PO4, 1.4 NaH2PO4; pH 7.8, 290 mOsm) through the heart; gills were subjected to three 20 min trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA; GIBCO, Burlington, ON, Canada) digestions, and cell suspensions were layered over a four-step Percoll gradient (2 ml, 1.09 g/ml; 2 ml, 1.06 g/ml; 2 ml, 1.05 g/ml; 3 ml, 1.03 g/ml) and centrifuged (45 min, 2,000 g, 4°C). Cells were then collected from the 1.09 -1.06 g/ml Percoll interface as it has been found to contain a highly enriched population of MR cells, as demonstrated by positive staining for the vital mitochondrial dye 4-[4-(dimethylamino)styryl]-N-methylpyridinium iodide and transmission electron microscopy (8) .
Intracellular pH imaging. This procedure followed previously described methods (33) . Briefly, aliquots of cell suspensions containing ϳ300,000 cells were added to 200 l Na ϩ -containing buffer (in mM: 125 NaCl, 5 CaCl2, 1 MgCl2, 4 KCl, 2.5 NaHCO 3
Ϫ , 2 glucose, 15 HEPES; pH 7.8, 290 mOsm), placed on acid-washed coverslips (no. 1 thickness, 15 mm round; Warner Instruments, Hamden, CT) coated with 0.1% poly-L-lysine, and kept undisturbed at 4°C for at least 2 h to allow for settlement and attachment of cells. Coverslips were then removed from the refrigerator, rinsed in Na ϩ -containing buffer, and immediately exposed to 200 l of Na ϩ -containing buffer containing 5 M, pH-sensitive BCECF-AM. Dye loading of BCECF-AM occurred for at least 45 min at a room temperature of 18°C before coverslips were placed into a 70-l imaging chamber (RC-20H; Warner Instruments) for perifusion experiments. Differential interference contrast microscopy (Nikon Eclipse TM-300) and fluorescence imaging (TE-FM epifluorescence attachment) were performed with an inverted microscope. The microscope was fitted with a xenon arc lamp (Lambda LS; Sutter Instruments, Novato, CA) to enable excitation of the BCECF-AM-loaded cells at wavelengths of 495 and 440 nm. Images at both 440 and 495 nm were captured digitally on a mono 12-bit charge-coupled device camera (Retiga EXi; Burnaby, BC, Canada) every 5 s during the various perifusion experiments. Northern Eclipse version 6 software (Mississauga, ON, Canada) was used to compile the 495-to 440-nm ratios as an indication of the pHi levels.
Perifusion protocol. Solutions were added to the perifusion chamber using a six-input manifold (Mp-6; Warner Instruments) attached to gravity-feed, 60-ml syringes in syringe holder blocks equipped with pinch valves (VE-6; Warner Instruments) and controlled by VC-6 valve controllers (Warner Instruments). The perifusion rate was adjusted to ϳ0.5 ml/min. Cells were exposed to various experimental manipulations involving Na ϩ -free (in mM: 125 N-methyl-D-glucamine-Cl, 2.5 C5H14NO ⅐ HCO 3 Ϫ , 5 CaCl2, 1 MgCl2, 4 KCl, 2 glucose, 15 HEPES; pH 7.8, 290 mOsm), Na ϩ -containing (composition listed above), and Cl Ϫ -free solutions (in mM: 125 D-fluconic acid-sodium salt, 5 D-gluconic acid-hemicalcium salt, 1 D-gluconic acid-hemimagnesium salt, 4 D-gluconic acid-potassium salt, 2.5 NaHCO 3
Ϫ , 2 glucose, 15 HEPES; pH 7.8, 290 mOsm). Subsequent pharmacological profiling occurred using amiloride, phenamil, DIDS, EIPA, 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), ouabain, and acetazolamide. All of the solutions used were bubbled continuously with a gas mixture of 0.3% CO2 balanced with O2 for most experiments. Experiments involving HCO 3 Ϫ -free conditions had HCO 3 Ϫ removed from the solution composition, and the solutions were bubbled with 100% O2.
The high-K ϩ (in mM: 120 potassium gluconate, 20 KCl, 2 MgCl2, 20 HEPES) nigericin (5 M) four-step calibration of pHi was used at the end of each experiment as previously described (33) .
Scanning electron microscopy. Isolated MR cells were prepared for scanning electron microscopy (SEM) following the procedure laid out previously by Schafer et al. (46) . Briefly, MR cells were prepared as described above and plated down onto the acid-washed, poly-L-lysinecoated coverslips to allow cell attachment. MR cells were fixed with 4% paraformaldehyde in 1ϫ PBS for 1 h in the fridge. MR cells were then dehydrated in a series of increased ethanol solutions before being subject to chemical critical point drying using hexamethyldisilazane. Coverslips were mounted on stubs, coated with gold palladium, and examined under a Philips/FEI LaB6 environmental scanning electron microscope.
Data analysis. Fluorescence ratios generated from experiments with BCECF were converted to pH i values using Microsoft Excel. For pharmacological profiling, initial rates of pHi change were monitored over 60 s following manipulation to give a control and experimental rate of pH change (pH units/min) for comparison via Student's t-test. Summary data are listed as means Ϯ the SE. Final figure composition and statistical analysis was performed using GraphPad Prism version 3.0 software (San Diego, CA). Statistically significant differences on the bar graphs are indicated by a star above the appropriate graph. All analyses are from MR cells obtained from a minimum of two different fish and six separate experiments. Unless otherwise mentioned, the reagents used in this study were purchased from Sigma (St. Louis, MO).
RESULTS

SEM of isolated MR cells.
A main criticism associated with studying ion transport mechanisms in isolated cells is the potential loss of polarity, mainly because epithelial cells are specialized for vectorial transport. Results from a previous study suggest that cell polarity was maintained after isolation (33) since coupling between apical and basolateral processes following isolation were demonstrated. However, maintenance of cell polarity following isolation has not been directly established. In Fig. 1 , we demonstrate that the morphology of isolated trout gill MR cells clearly maintain an apparent polarity as seen under SEM. Some isolated cells demonstrated a clear polarity where one surface displayed fingerlike projections, while the opposite pole displayed a wavy, fold-like appearance, suggesting apical and basolateral membranes, respectively ( Fig. 1, A and B ). In the same preparation, we also include a picture of a contaminating pavement cell (PVC) in our MR cell population, indicating that the distinct microridges characteristic of PVCs can be maintained in isolation as well (Fig. 1C) .
Pharmacological profile of Na ϩ -induced alkalinization event. A functional separation of trout gill MR cell subtypes based on their response to Na ϩ substitution experiments was demonstrated previously (33) . Cells responded either with an acidification or alkalinization when switched from Na ϩ -containing medium to Na ϩ -free medium (33) . In that paper, it was shown that the Na ϩ -induced acidification was due to the interaction of transporters in the apical and basolateral membrane where Na ϩ enters the cell through apical channels and exits via basolateral NBCs; with the exit of HCO 3 Ϫ resulting in acidification of the cell. In the current paper, we sought to resolve the transporter involved in the other noted cellular behavior, the Na ϩ -induced alkalinization. Switching the perifusion solutions from Na ϩ free to Na ϩ containing resulted in an alkalinization in a subpopulation of cells (as demonstrated previously; see Ref. 33) . Because this manipulation is repeatable, it allows us to apply various pharmacological inhibitors in specifically identified cells (see Fig. 2A for a sample trace). The general inhibitors of Na ϩ /H ϩ exchangers (NHEs) (amiloride, 500 M), Na ϩ channels (phenamil, 50 M), and Na ϩ /HCO 3 Ϫ cotransporter (DIDS, 1 mM) had no inhibitory effect on the alkalinization (Fig. 2C ). Similar concentrations of these inhibitors were effective in inhibiting other pH i regulatory processes in isolated MR cells (33) . Furthermore, no effects were observed with inhibitors of either carbonic anhydrase (500 M acetazolamide) or Na ϩ /K ϩ -ATPase (500 M ouabain, data not shown). However, EIPA (500 M), which is a more selective inhibitor of mammalian NHE1 than other NHE isoforms (28) and the Cl Ϫ -dependent NHE (45), did have an effect and replaced the alkalinizing behavior with an acidification (Fig. 2,   B and C). The insensitivity to amiloride and other results shown below advocates for a Cl Ϫ -dependent NHE.
Cl Ϫ induced alkalinization in two functionally identified MR cell populations. In this series of experiments, cells were exposed to Cl Ϫ -free medium following identification by Na ϩ removal ( Fig. 3 ) to examine the Cl Ϫ -dependent mechanisms in each of the cell types. Both functionally identified MR cell subtypes responded to Cl Ϫ -free conditions with an alkalinization of pH i , indicating that a Cl Ϫ /HCO 3 Ϫ exchanger was being driven in the reverse direction as Cl Ϫ exited the cell to achieve equilibrium (Fig. 3, A and C) . Summary statistics of the Cl Ϫ -free exposure demonstrated a significant alkalinization event in the Na ϩ -acidified cells (Ϫ0.10 Ϯ 0.01 pH units/min in Na ϩ compared with 0.18 Ϯ 0.03 pH units/min in Cl Ϫ free) and a greater alkalinization rate (0.27 Ϯ 0.04 pH units/min in Na ϩ Fig. 1 . Scanning electron micrographs of isolated mitochondrion-rich (MR) cells. A and B: isolated MR cells maintain polarized morphology with fingerlike projections on one pole (see arrow in A) and wavy infoldings on the other pole (see asterisk in A). The top right cell in B represents a more generalized wavelike appearance over the whole cell perhaps with the opposite pole region being hidden from view, as it is the point of attachment to the coverslip C: contaminating pavement cell demonstrating that the distinct microridges can be maintained in isolation as well. compared with 0.51 Ϯ 0.07 pH units/min in Cl Ϫ free) in the Na ϩ -alkalinizing cells (Figs. 3, B and D) .
Inhibition of Cl Ϫ -induced alkalinization. Because both functionally (Na ϩ substitution) identified MR cell subtypes responded to Cl Ϫ removal with an alkalinization of pH i , we eliminated the initial Na ϩ substitution to focus on the Cl Ϫdependent mechanisms. However, in this protocol, while some cells still responded to Cl Ϫ -free conditions with an alkalinization, others acidified instead. We first focused on the alkalinization behavior. The Cl Ϫ -free induced alkalinization was a repeatable event, enabling comparisons of pH i recovery rates between controls and treatments within the same cells (Fig. 4A) . In cells demonstrating a Cl Ϫ -free induced alkalinization (0.13 Ϯ 0.02 pH units/min), the presence of DIDS, a general inhibitor of Cl Ϫ /HCO 3 Ϫ exchangers, resulted in an acidification (Ϫ0.08 Ϯ 0.02 pH units/min; Fig. 4, B and C) .
Because most Cl Ϫ -dependent pH-regulated transport processes are linked to HCO 3 Ϫ transport, we conducted experiments in HCO 3 Ϫ -free solutions that were continuously aerated with 100% O 2 during the experiments. Equilibration with HCO 3
Ϫ -free medium was established before testing the effect on Cl Ϫ -free pH i alterations. Similar to the results found with DIDS, removal of HCO 3 Ϫ from the extracellular fluid effectively eliminated the Cl Ϫ -free induced alkalinization (0.12 Ϯ 0.02 pH units/min), which was replaced with an acidification (Ϫ0.21 Ϯ 0.04 pH units/min) ( Fig. 4C) . A lack of alkalinization in Cl Ϫ -free/HCO 3 Ϫ -free conditions coupled with DIDS inhibition supports the hypothesis of a Cl Ϫ /HCO 3 Ϫ exchange mechanism in both MR cell populations.
Further support for the presence of a CBE was obtained when cells recovering in Na ϩ -free media from a Na ϩ -induced acidosis were then compared with the same manipulation in the presence of 1 mM DIDS (Fig. 5 ). Cells showed a consistent pH i recovery from Na ϩ -induced acidosis in Na ϩ -free condi-tions (0.44 Ϯ 0.06 pH units/min, Fig. 5A ), which was significantly inhibited by the presence of DIDS (0.15 Ϯ 0.02 pH units/min; Figs. 5, B and C) .
Cl Ϫ -free conditions induce an acidification of pH i . As mentioned above, switching from NaCl to Cl Ϫ free solution resulted in a peculiar Cl Ϫ -free-induced acidification of pH i in the majority of cells (Fig. 6A ). This event was repeatable and was found to be greater in the absence of extracellular HCO 3 Ϫ (Fig.  6, A and B) . Moreover, when experiments were performed in the absence of HCO 3 Ϫ , we observed the Cl Ϫ -free induced acidification in all cells. One possible explanation for this behavior is activation of a Cl Ϫ -dependent Na ϩ /H ϩ exchange. This transporter has been cloned from mammalian colon and is suggested to play an important role in both movement of Na ϩ across the epithelium and pH i regulation (41) (42) (43) 45) . It has been demonstrated that the Cl Ϫ dependence of the NHE activity is not the result of interactions with a Cl Ϫ /HCO 3 Ϫ exchanger but presumed to be due to an association with a Cl Ϫ channel (41, 43, 45) . A hallmark feature of the Cl Ϫ -dependent NHE is a much greater sensitivity to the NHE inhibitor EIPA than amiloride along with inhibition by the Cl Ϫ channel blocker NPPB (45) . We hypothesized that when subjecting the MR cells to Cl Ϫ -free conditions, Cl Ϫ exit from the cell via a Cl Ϫ channel would result in the activation of a Cl Ϫ -dependent NHE where Na ϩ is brought out of the cell in exchange for external H ϩ . To test this hypothesis, we tested the effects of NPPB and EIPA in the absence of extracellular HCO 3 Ϫ . We found that NPPB (500 M), a general inhibitor of Cl Ϫ channels, replaced the Cl Ϫ -free induced acidification with an alkalinization (Figs. 7, A and B) . We then tested inhibition of the NHE portion of the system. Amiloride (500 M) or EIPA (100 M) did not affect the acidification of pH i caused by Cl Ϫ -free conditions (data not shown). However, at higher concentrations of EIPA (500 M), the acidifying effect of Fig. 3 . Cl Ϫ -free exposure results in an alkalinization of pHi in both functionally identified MR cells via Na ϩ substitution. A: sample trace representing cells that acidified upon exposure to Na ϩ -containing medium following initial Na ϩ -free perifusion and were subjected to Cl Ϫ -free perifusion, which resulted in an alkalinization of pHi. B: summary statistics showing that a significant difference between the acidification caused by Na ϩ exposure and the alkalinization caused by Cl Ϫ -free conditions (P Ͻ 0.05, paired t-test n ϭ 60). C: sample trace representing cells that alkalinized upon exposure to Na ϩ -containing medium following initial Na ϩ -free perifusion and were then subjected to Cl Ϫ -free perifusion, which resulted in an increased alkalinization of pHi. D: summary statistics showing a significant increase in the rate of pHi alkalinization upon exposure to Cl Ϫ -free conditions compared with that caused by Na ϩ exposure (P Ͻ 0.05, paired t-test n ϭ 32).
Cl Ϫ -free medium was effectively inhibited (Fig. 7B) . These results, together with the EIPA sensitivity of the Na ϩ -induced alkalinization described earlier, support the presence of a Cl Ϫ -dependent NHE in gill MR cells.
DISCUSSION
In this study, we have provided the first direct physiological evidence for Cl Ϫ /HCO 3 Ϫ exchange at the fish gill MR cells. Our results also indicate a unique intracellular acidification associated to Cl Ϫ exit from the cell and potential linkage with a NHE. These data provide an important step in understanding the complexity of overall transport mechanisms in fish gill MR cells.
Maintenance of cellular polarity. A criticism of working with isolated cells from a transporting epithelium is that there is a perceived loss of membrane polarity. We fully recognize this limitation and the difficulty in attributing results from isolated cells to in vivo conditions. Our SEM results help to alleviate those concerns, as trout isolated MR cells maintain external morphological polarity similar to that demonstrated for isolated MR cells from mammalian kidney (46) and Japanese eel gill (50) . However, we are still aware that external morphology does not necessarily correspond to ultrastructure or functional polarity. That the internal ultrastructure, in particular, the elaborate tubular system, of gill MR cells can be maintained following isolation has been established early on (39) . More recently, functional apical-basolateral coupling of ion transport processes was demonstrated, which suggest the maintenance of functional cell polarity in isolated MR cell populations (33) . While a definitive confirmation of polarity in isolated cells awaits more advanced electrophysiological and/or imaging methods, we believe that using primary cultures of isolated gill MR cells combined with real-time pH i imaging is a robust technique to study ion transport processes.
Cl Ϫ /HCO 3 Ϫ exchange in both MR cell populations. Using Na ϩ substitution to originally separate MR cell populations, our hypothesis was upon Cl Ϫ substitution that we would uncover Cl Ϫ uptake mechanisms in the Na ϩ -alkalinizing MR cells. This MR cell population, the PNA ϩ MR cells, is proposed to be responsible for transepithelial Cl Ϫ uptake (6, 8, 33, 49) . Interestingly, we discovered that both functionally identified MR cell populations responded to Cl Ϫ -free conditions with an alkalinization of pH i . Under Cl Ϫ -free conditions, the gradients would favor a CBE working in the reverse direction, thus bringing HCO 3 Ϫ into the cell and resulting in an increase of pH i . This cellular behavior has been used to demonstrate the presence of a CBE in colonic crypt cells (16) . In our experiments, DIDS and the removal of extracellular HCO 3 Ϫ were effective in abolishing the Cl Ϫ -free-induced alkalinization. Furthermore, DIDS effectively inhibited the Na ϩ -free pH i recovery from Na ϩ -induced acidification. Combined, these results present the first direct cellular evidence for a CBE in freshwater gill MR cells. Given the models that exist for freshwater fish gill, we tentatively propose that this Cl Ϫ /HCO 3 Ϫ exchange activity would function on the apical membrane for apical Cl Ϫ uptake in one MR cell population while performing pH i regulation at the basolateral membrane in the other MR cell subtype. On the basis of previous analysis of the propor- Fig. 4 . Repeatable Cl Ϫ -free induced alkalinization protocol for inhibitor profiling. A: representative trace demonstrating the ability to repeatedly expose cells to Cl Ϫ -free conditions with the same alkalinization effect. B: sample trace showing that the original Cl Ϫ -free alkalinization is inhibited when Cl Ϫ -free re-exposure occurs in the presence of 1 mM DIDS. C: summary statistics showing a significant acidification of pHi under Cl Ϫ free conditions in the presence of DIDS compared with the Cl Ϫ free control alkalinization (P Ͻ 0.05, paired t-test, n ϭ 24). In the other group of experiments, cells were acclimated to HCO 3 Ϫfree conditions following initial Cl Ϫ -free alkalinization and upon and Cl Ϫ -free re-exposure also demonstrated a significant acidification of pHi compared with Cl Ϫ -free control alkalinization (P Ͻ 0.05, paired t-test, n ϭ 32). tion of cells in a mixed MR cell population responding in a functionally distinct manner (33) , these mechanisms would be ascribed to the PNA ϩ and PNA Ϫ MR cells, respectively. Although we cannot definitely assign polarity to these mechanisms, the above discussion is in line with currently accepted models for overall Cl Ϫ transport at the freshwater fish gill (5, 15, 49) .
We have previously discussed the need for consideration of thermodynamic constraints on ion transport in freshwater fishes (34, 49) . Unfavorable gradients exist for the action of an electroneutral CBE. However, consideration of the microenvironments within the cell coupled with the driving force provided by basolateral V-type H ϩ -ATPase (VHA) provide theoretical support for a CBE functioning in freshwater (49) . Our current results further contribute to the presence of a CBE in freshwater gill MR cells.
In fish, CBE was originally proposed almost 80 years ago as a means for Cl Ϫ uptake from the water (21) . Although a role for members of the AE family of transporters (SLC4) was extensively researched, no conclusive evidence could be obtained for a role in the fish MR cell. Focus has shifted toward investigating members of the Slc26 gene family of anion exchangers, which are known to transport a variety of counterions, including HCO 3 Ϫ (30). Recent work on the euryhaline pufferfish mefugu demonstrated the role of Slc26a6A and Slc26a6B for HCO 3 Ϫ secretion in the intestine and the formation of carbonate precipitates (22) . Slc26A1 has been cloned from rainbow trout trunk kidney, where it facilitates sulfate secretion (and likely base absorption as well) (19) . Although a few abstracts have reported the presence of Slc26a6 in trout (10) and zebrafish gills (1), these results have not been published in the primary literature.
Cl Ϫ -free induced acidification. When we eliminated the initial Na ϩ substitution portion of our experiments to focus on the Cl Ϫ -free induced alkalinization, we observed an acidification of pH i in the majority of cells. This had not been observed in our original experiments of Cl Ϫ -free exposure following initial Na ϩ substitution. This behavior was peculiar in that no obvious predicted mechanisms for an outward flow of Cl Ϫ from the cell would cause an acidification of pH i . We noted that the rate of acidification in the absence of HCO 3 Ϫ was greater than in the presence of HCO 3 Ϫ , suggesting the contribution of a HCO 3 Ϫ import mechanism. Alternatively, the noted increased rate of acidification could result from a reduced cellular buffering capacity as a result of HCO 3 Ϫ depletion. A candidate for the Cl Ϫ -free induced acidification is a linkage to a H ϩ importing Na ϩ /H ϩ exchanger (NHE). A transporter with this characteristic is the Cl Ϫ -dependent Na ϩ /H ϩ exchanger (Cl-NHE), which has been sequenced and characterized in mammalian colonic crypts, where it is responsible for pH i recovery and overall fluid absorption (41) (42) (43) 45) . Cl-NHE is also expressed in a wide range of epithelial tissues, suggesting a role in several transport processes (45) , including cellular volume regulation (9) . Cl-NHE activity was first described in red blood cells from dogs (32) and has since been also shown in trout red blood cells (12) , barnacle muscle fibers (3), and cultured rat mesangial cells (29) . The pharmacological profiling from our studies on the Cl Ϫ -free induced acidification match that of the Cl-NHE profile (45) . Although the mechanism of Cl Ϫ activation for NHE in this protein remains unclear, we predict from our data that the extrusion of Cl Ϫ via a Cl Ϫ channel results in an activation of a Cl-NHE in reverse mode to import H ϩ from solution in exchange for cellular Na ϩ . Normally, the Cl-NHE acts for H ϩ removal from the cell, and Fig. 5 . Na ϩ -free pHi recovery from Na ϩ -induced acidosis is removed in the presence of 1 mM DIDS. A: representative trace demonstrating a control Na ϩ -free recovery of pHi following acidification by Na ϩ . B: representative trace demonstrating Na ϩ -free recovery of pHi following acidification by Na ϩ in the presence of 1 mM DIDS. C: summary statistics showing significant inhibition of Na ϩ -free pHi recovery rates in the presence of DIDS compared with control (P Ͻ 0.05, unpaired, nonparametric t-test, n ϭ 18 for control and 53 for DIDS).
this is what we would predict would occur in the fish gill MR cells in vivo as well. We postulate that both MR cell populations possess a type of Cl-NHE on the basolateral surface since all cells exhibited the Cl Ϫ -free acidification when extracellular HCO 3 Ϫ was absent. This protein could be utilized for both pH i and cell volume regulation. The importance in cell volume regulation is particularly attractive for future studies, as these MR cells face changing freshwater environments. This is the first suggestion for a Cl-NHE in the gills of any fish species, and although we ascribe the Cl Ϫ -free acidification to a Cl-NHE based only on pharmacology at this time, it will be the focus of future studies.
It is peculiar that we only observe the Cl Ϫ -free induced acidification when the initial Na ϩ -free to Na ϩ -containing substitution was eliminated from the experimental design. We speculate that Na ϩ substitution primed both MR cell types to uncover the alkalinizing activity of a CBE. A likely explanation is that the initial Na ϩ treatment resulted in cellular Cl Ϫ loading. In the Na ϩ -alkalinizing cells, a CBE would counteract the alkalinization by exporting HCO 3 Ϫ in exchange for Cl Ϫ . When extracellular Cl Ϫ is subsequently removed, Cl Ϫ /HCO 3 Ϫ exchange is reversed, alkalinizing the cells. In the other MR cell population, we have already demonstrated that the Na ϩ acidification was due to HCO 3 Ϫ export via a basolateral NBC (33) . In this scenario, the cell would be depleted of HCO 3 Ϫ and then removal of extracellular Cl Ϫ would create a gradient for a CBE working in reverse mode. The above behaviors would both result in activation of a CBE in reverse mode and account for the observation of Cl Ϫ free pH i alkalinization. Na ϩ -induced alkalinization. Previous work demonstrated a functional separation of trout gill MR cell subtypes based on Na ϩ substitution (33) . Although the Na ϩ -induced alkalinization was insensitive to high concentrations of amiloride, it was inhibited by the more specific NHE blocker EIPA, suggesting a commonality to the Cl Ϫ -free acidification mechanism mentioned above. In light of the recent NHE characterization in ion-transporting cells from trout (17) and zebrafish (51) coupled with the implications for a Cl-NHE in this study, the in vitro functional and pharmacological characterization of fish NHEs is imperative.
Perspectives and Significance
Here, we have presented direct functional evidence for CBE in two populations of MR cells at the freshwater fish gill. The CBE is proposed to play important roles in transepithelial Cl Ϫ uptake and pH i regulation in the PNA ϩ and PNA Ϫ MR cells, respectively. We also describe an interesting Cl Ϫ free acidification of pH i , which leads us to propose the involvement of a Cl-NHE in pH i regulation in these cells. These results suggest the requirement for an expanded repertoire of membrane trans- Fig. 6 . Cl Ϫ -free exposure causes an acidification of pHi that is enhanced in HCO 3 Ϫ -free conditions. A: representative trace demonstrating an acidification of pHi following Cl Ϫ -free introduction. Upon recovery, pHi was equilibrated with HCO 3
Ϫ -free medium aerated with 100% O2 and Cl Ϫ -free introduction was repeated resulting in a greater acidification of pHi. B: summary statistics showing a significantly greater acidification of pHi in the absence of HCO 3 Ϫ compared with control conditions (P Ͻ 0.05, paired t-test, n ϭ 46). Fig. 7 . 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and EIPA-sensitive Cl Ϫ -free induced acidification. A: representative trace demonstrating a removal of the acidification caused by Cl Ϫ -and HCO 3 Ϫ -free conditions in the presence of 500 M NPPB. The same protocol was followed for EIPA. B: summary statistics showing a significant removal of Cl Ϫ -induced pHi acidification in the presence of 500 M NPPB (P Ͻ 0.05, paired t-test, n ϭ 86) or 500 M EIPA (P Ͻ 0.05, paired t-test, n ϭ 60) compared with control conditions. porters at the gill than are realized in the current body of data. Finally, we demonstrate that isolated MR cells can be used as a model system for studying gill transport since cellular polarity is maintained following isolation. These newly described transport mechanisms will form interesting components of future working models for the molecular mechanisms of Cl Ϫ and Na ϩ transport at the freshwater fish gill.
